Accumulating evidence supports that the intestinal microbiome is involved in Type 1 diabetes (T1D) pathogenesis through the gut-pancreas nexus. Our aim was to determine whether the intestinal microbiota in the non-obese diabetic (NOD) mouse model played a role in T1D through the gut. To examine the effect of the intestinal microbiota on T1D onset, we manipulated gut microbes by: (1) the fecal transplantation between non-obese diabetic (NOD) and resistant (NOR) mice and (2) the oral antibiotic and probiotic treatment of NOD mice. We monitored diabetes onset, quantified CD4+T cells in the Peyer's patches, profiled the microbiome and measured fecal short-chain fatty acids (SCFA). The gut microbiota from NOD mice harbored more pathobionts and fewer beneficial microbes in comparison with NOR mice. Fecal transplantation of NOD microbes induced insulitis in NOR hosts suggesting that the NOD microbiome is diabetogenic. Moreover, antibiotic exposure accelerated diabetes onset in NOD mice accompanied by increased T-helper type 1 (Th1) and reduced Th17 cells in the intestinal lymphoid tissues. The diabetogenic microbiome was characterized by a metagenome altered in several metabolic gene clusters. Furthermore, diabetes susceptibility correlated with reduced fecal SCFAs. In an attempt to correct the diabetogenic microbiome, we administered VLS#3 probiotics to NOD mice but found that VSL#3 colonized the intestine poorly and did not delay diabetes. We conclude that NOD mice harbor gut microbes that induce diabetes and that their diabetogenic microbiome can be amplified early in life through antibiotic exposure. Protective microbes like VSL#3 are insufficient to overcome the effects of a diabetogenic microbiome.
Introduction
The initiation and development of Type 1 diabetes (T1D) is not fully understood. In recent years, the incidence rate of T1D increased annually by 3-5% in Western countries (Knip, 2012) , suggesting that environmental factors have a role in T1D pathogenesis (reviewed in (Akerblom and Knip, 1998) ). The increasing incidence in T1D is most marked in children aged 1-5 years (Vehik et al., 2007) , suggesting that early life exposures are critical in shaping the autoimmune response. The 'hygiene hypothesis' proposes that insufficient microbial exposure during infancy drives autoimmunity, and certain intestinal microbes and their antigens are hypothesized to induce autoimmune responses. Increased exposure to intestinal microbial antigens or metabolites through the gut could be involved in triggering diabetogenic immune responses (reviewed in (de Kort et al., 2011) ).
There is growing appreciation that the intestinal microbiota impacts both health and disease, and compelling associative evidence suggests that gut microbes are involved in the pathogenesis of T1D (Alam et al., 2011; King and Sarvetnick, 2011; Kriegel et al., 2011; Markle et al., 2013; Wen et al., 2008; Yurkovetskiy et al., 2013; Kostic et al., 2015) . Infants who develop T1D have a pre-diabetic intestinal microbiota characterized by less diversity and stability, fewer Bifidobacteria spp. and elevated levels of Bacteroides spp. compared with genetically susceptible infants who do not develop T1D (Giongo et al., 2011) . Similarly, decreased microbial diversity with fewer Lactobacillus and Bifidobacteria spp., and enriched populations of unclassified Bacteroides spp. have been linked to diabetes development in the Biobreeding diabetes prone rat (Roesch et al., 2009) . Segmented filamentous bacteria (SFB) have also been hypothesized to protect non-obese diabetic (NOD) mice against T1D by inducing protective T-helper type 17 (Th17) cell populations in the small intestine (Kriegel et al., 2011) . Despite these intriguing findings, our understanding of the potentially causal relationship between gut microbes and T1D is limited. At least two studies show that antibiotics protect against diabetes in disease prone animals: sulfatrim attenuates virus-induced T1D in rats (Hara et al., 2012) and vancomycin treatment attenuates diabetes in NOD mice (Hansen et al., 2012) . Although neither of these studies examined the role of the gut barrier in facilitating T1D progression, studies have implicated a leaky gut in the pathogenesis of T1D in both patients and animal models (Sapone et al., 2006; Lee et al., 2010) .
In the current study, we hypothesized that the intestinal microbiota promotes pancreatic inflammation and drives the destruction of β-cells. We found the NOD mouse gut microbiota harbored more pathobionts and fewer beneficial microbes in comparison with the diabetes-resistant non-obese resistant (NOR) mouse. Moreover, NOD fecal microbiota when transplanted into NOR mice promoted insulitis. Furthermore, life-long antibiotic exposure from birth accelerated diabetes in NOD mice through altered effector T-cell populations in the gut lymphoid tissues. The antibiotic-induced diabetes correlated with changes to the microbiome characterized by reduced diversity, enriched pathobionts, depletion of protective microbes and overall changes to the metagenome, including several gene clusters involved in metabolism. Similarly, we found that antibiotic treatment resulted in reduced microbial short-chain fatty acid (SCFA) metabolites, which are known to protect against diabetes (Al-Lahham et al., 2010; Mitrou et al., 2015) . Finally, to try and overcome the diabetogenic effects of the microbiome, we administered VSL#3 probiotics to NOD mice and found they had no effect on diabetes onset due to their poor colonization of the gut. Taken together, our data reveals that the NOD microbiome is diabetogenic and can be potentiated through antibiotics but not overcome with probiotic treatment. Overall, these results highlight the complexity of the role played by the intestinal microbiota in the modulation of autoimmune diabetes onset in NOD mice.
Materials and methods
Mice NOD and NOR mice (Jackson Laboratory, Bar Harbor, ME, USA) were housed and bred under specific pathogen-free conditions at the Child and Family Research Institute (Vancouver, BC, Canada). Mice were maintained in a temperature controlled (22 ± 2°C) animal facility with a 12 h light/dark cycle. Animals received a sterile chow diet (Laboratory Rodent Diet 5001, Purina Mills, St Louis, MO, USA) and filtered UV sterilized water ad libitum throughout experiments. All procedures were approved by the UBC Animal Care Committee under the direct guidelines of the Canadian Council on the Use of Laboratory Animals.
Oral fecal bacterial transfer. Similar to the approach of Ghosh et al. (2011) , for fecal transplantation experiments, NOD and NOR mice were treated with antibiotics (500 mg/l vancomycin, 1 g l − 1 neomycin, 1 g l − 1 ampicillin and 1 g l − 1 metronidazole) in drinking water from 4-8 weeks of age. Stool from donor mice (100 mg in 1.2 ml phosphate-buffered saline) was orally gavaged into recipient mice four times over 12 days starting at 8 weeks of age, creating chimeric mice (Figure 2a ). Tissue, sera and stool collection. Mice were anaesthetized using isofluorane, blood was collected via cardiac puncture and serum was separated by centrifugation. Mice were killed by cervical dislocation, and the terminal ileum, distal colon and pancreas were removed. For T-cell analysis, the Peyer's patch lymph nodes were collected from pre-diabetic mice that were 4-6 weeks of age, homogenized, and cells filtered through 50 μM cell strainers followed by a phosphate-buffered saline wash. For histology, gut and pancreas tissues from 11-20-week-old mice were immersed in 10% neutral-buffered formalin and processed for scoring and immunofluorescence. For microbial analysis, colon and ileum segments were removed from 11-20-week-old mice, immersed in LN 2 and stored at − 80°C. For SCFA analysis, feces was collected from mice that were 10 weeks of age, immersed in LN 2 and stored at − 80°C. Insulitis scoring. Paraffin-embedded sections of pancreas were stained with haematoxylin and eosin and examined by light microscopy (Zeiss Imager. Z1, AXIO, Oberkochen, Germany). All islets were counted and the percentage of islets that had no insulitis, periinsulitis, invasive insulitis (o50% islet) and invasive insulitis (450% islet), score 0, 1, 2 and 3, respectively, were determined by two investigators blinded to treatment groups.
Insulin auto-antibody assay. Insulin auto-antibodies were quantified in the sera by the Barbara Davis Center (Aurora, CO, USA).
High throughput sequencing. DNA was extracted from tissue segments of the colon and ileum using a Stool DNA extraction kit (Qiagen, Toronto, ON, Canada). Bacterial DNA from 11-to 20-week-old mice was amplified using universal bacterial primers that flank the V3 and V4 regions of the 16S rRNA gene (Herlemann et al., 2011) with sample-specific barcode sequences (Supplementary Table S1 ). Following PCR, samples were gel extracted and the concentration normalized to 1.25 ng DNA per μl using Sequalprep (Invitrogen, Burlington, ON, Canada). Sequencing was performed at LAGA (Vancouver, BC, Canada) using Roche 454 FLX+ technology. Sequences were analyzed using the QIIME (Knight lab, Boulder, CO, USA) pipeline (Caporaso et al., 2010) . 406 120 sequences (200-600 bp in length and minimum quality score of 25) were denoised and chimera detection (usearch61 (Edgar, 2010) ) resulted in the removal of 42 066 sequences. Operational taxonomic units (OTU) were picked (usearch61, 97% similarity threshold) and a representative set of sequences was aligned (MUSCLE (Edgar, 2004) ). Taxonomy was assigned using ribosomal database project with the Greengenes database (97% similarity OTUs with the sequence for Candidatus arthromitus (SFB) added). OTU tables were rarefied to 105 sequences. α-diversity was determined using the Chao1 statistic (Chao et al., 2005) and log transformed with zero values linearly adjusted followed by Bray-Curtis (Bray and Curtis, 1957) for β-diversity. Significance was determined using permutational analysis of variance (Anderson, 2001 ) based on the maximum number of permutations to 9999.
Metagenomic analysis. Metagenome function of the 16S libraries were predicted using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States, version 1.0.0; Langille et al., 2013) . Closed reference OTUs were picked against Greengenes database (May 2013) with 97% percent similarity. OTUs were normalized for copy number and the gene families predicted at level 2 and level 3 KEGG orthology groups (Kanehisa et al., 2012) . The data were normalized to 27 500 genes per sample and similarity in the gene families between samples determined by Bray-Curtis similarity on log-transformed data. Differences between groups are determined by permutational analysis of variance using the maximum number of permutations to 9999.
SCFA analysis. The amount of acetic, propionic and butyric acid was analyzed from fecal samples collected from pre-diabetic mice by direct-injection gas chromatography. Fecal samples were homogenized in isopropyl alcohol, containing 2-ethylbutyric acid at 0.01% v/v used as an internal standard and then centrifuged. This step was repeated. The supernatant was injected into a Trace 1300 Gas Chromatograph, equipped with flameionization detector, with AI1310 autosampler (Thermo Scientific, Walkham, MA, USA) in splitless mode. A fused-silica FAMEWAX (Restekas, Bellefonte, PA, USA) column 30 m × 0.32 mm i.d. coated with 0.25 μm film thickness was used. Helium was supplied as the carrier gas at a flow rate of 1.8 ml min
. The initial oven temperature was 80°C, maintained for 5 min, raised to 90°C at 5°C min , and finally increased to 240°C at 20°C min − 1 and held for 5 min. The temperature of the flame-ionization detector and the injection port was 240°C and 230°C, respectively. The flow rates of hydrogen, air and nitrogen as makeup gas were 30, 300 and 20 ml min − 1 , respectively. Data were analyzed with Chromeleon 7 software (Bannockburn, IL, USA). Fine separation of SCFA was confirmed by the complete separation of the volatile-free acid mix (Sigma, Oakville, ON, Canada). Data are presented as mass % (g of SCFA per g of feces × 100).
Statistical analysis. Graphing and statistical analysis was performed using Graphpad Prism (La Jolla, CA, USA), QIIME and PRIMER-E (Lutton, UK) software. For comparisons between two groups, *Po0.05, **Po0.01 and ***Po0.0001 by unpaired t-test for parametric data or Mann-Whitney's U-test for non-parametric data. For comparisons between 42 groups, *Po0.05, **Po0.01 and ***Po0.0001 by one-way analysis of variance with Tukey's post hoc test for parametric data and KruskalWallis test with Dunn's post hoc test for non-parametric data. Where multiple comparisons were drawn from the same data same data for metagenomic sequencing analysis, false discovery rate-corrected analysis of variance with Tukey's post hoc test was used.
Mantel-cox was used for survival analysis and permutational analysis of variance was used for microbial community analysis.
Results
Diabetes-susceptible and diabetes-resistance mice harbor distinct intestinal microbiota The intestinal microbiota from the colon and ileum of diabetes susceptible (NOD) and diabetes resistant (NOR) mice were profiled via 454 pyrosequencing. NOR and NOD mice harbor distinct microbial communities in the ileum and colon (Figures 1a and b) . Although the microbiota was similar at the phyla level (1c), several differences were detected at lower taxonomic levels (Figure 1d and e) . In the ileum, the NOD microbiota was comparatively reduced in SFB and Lactobacillus spp., while Anaeroplasma spp. and Desulfovibrio spp. were present in the ileums of NOD mice and absent in NOR (Figure 1d ). In the colon, NOD mice had fewer members of the Alphaproteobacteria class, no Bacteroides acidifaciens and fewer Ruminococcus gnavus compared with NOR mice. Prevotella spp. were present in the colon of NOD mice and not detected in NOR (Figure 1e ). In general, the NOR microbiota had more microbes previously described as beneficial to the host, whereas the NOD microbiota had more pathobionts, microbes that have pathogenic qualities.
The NOD mouse harbors microbiota that can exacerbate insulitis in NOR mice To determine whether the intestinal microbiota of the NOD mouse is a causal factor in its development of T1D, we performed a series of fecal oral transplants using NOD and NOR mice. We generated four groups of chimeric mice Figure 2a ) by treating hosts with a combination of antibiotics followed by oral gavage of stool from donor mice as previously described (Ghosh et al., 2011) . Normally, NOR mice develop limited insulitis (Prochazka et al., 1992) , however, when transplanted with microbiota from NOD mice, the NOR H +NOD M mice displayed greater insulitis compared with control NOR H +NOR M mice (Figures 2b-d) . In contrast, the microbiome from the NOR host were unable to significantly protect against insulitis when transplanted into the NOD mouse, as evidenced by similar levels of insulitis between (Figures 2b-d) . We examined the abundance of microbes in the intestine before and after transplantation confirming the fecal transplantation of the microbiota in chimeric mice (Supplementary Figure 1) . These results suggest the NOD mice harbor a microbiome capable of inducing pancreatic inflammation in normally resistant mice. However, the microbiome from NOR mice cannot outcompete the diabetogenic microbes to overcome the genetic predisposition to insulitis in NOD mice.
Antibiotic exposure accelerates diabetes in NOD mice As the NOD mouse microbiome caused exaggerated insulitis, we wanted to determine whether we could eliminate the diabetogenic microbes through antibiotic treatment and thereby protect against diabetes onset. To examine this, we gave pregnant NOD mice vancomycin or neomycin via the oral-gastric route just prior to them giving birth, and continued this treatment throughout weaning and then to the offspring until diabetes onset. Despite our hypothesis, we found that both vancomycin and neomycin accelerated diabetes in NOD mice when compared with NOD mice given water only (Figure 3a ). Similar to our previous studies showing~30% of NOD mice are diabetic by 20 weeks (Lee et al., 2011) , B70% of antibiotic treated NOD mice were diabetic by 20 weeks. In support of this accelerated diabetes, the antibiotic-treated mice had more serum insulin autoantibodies, and altered gut lymphoid-associated effector T cells including increased interferon-g+ CD4+ T cells and reduced interleukin-17+ CD4+ T cells (Figures 3b-d) . These results suggest that the establishment of the intestinal microbiota early in life is important in controlling the diabetogenic Antibiotic-induced diabetes is associated with microbial dysbiosis To determine which microbes were associated with antibiotic-accelerated diabetes, the microbial populations of antibiotic-treated mice were profiled by 454 pyrosequencing. Following antibiotic treatment, we found that richness of the microbes decreased ( Figure 4a ) and that vancomycin and neomycin treatments resulted in distinct microbial communities in the ileum (Figure 4b ) and colon (Figure 4c ). Several microbes emerged as key players in driving the differential clustering between groups in the ileum and colon (Figures 4d and e and Supplementary Figure 2) . Both antibiotic treatments resulted in the loss of Desulfovibrio spp. in the ileum and Prevotella spp., B. acidifaciens, R. gnavus and Roseburia spp. in the colon (Figures 4d and e and Supplementary Figure 2) . Beyond this, the profiles of the vancomycin-and neomycin-treated mice were different. Vancomycin-treated mice had fewer members of Bacteroides S24-7 in the ileum and colon and fewer Ruminococcus spp., Clostridia spp. and Lachnospiraceae in the colon. Increased abundance of Akkermansia muciniphila and Enterobacteriaceae was observed throughout the gut in the vancomycin-treated mice, while Sutterella and Anaeroplasma spp. were increased in the ileum and colon, respectively. The microbial community of the neomycin-treated mice was depleted in several microbes that were increased with vancomycin treatment; Enterobacteriaceae, Anaeroplasma spp. and Sutterella spp., while an increase in the Rickennellaceae family was observed. These results reveal that both antibiotics accelerate diabetes, and although several microbes are similarly depleted with either antibiotic treatment, there appears to be no specific microbe that emerges as a driving force or initiator of autoimmunity.
The diabetogenic microbiome has altered metabolism To determine whether a particular set of microbial genes were similarly altered in the diabetogenic microbiome, we examined the predicted gene clusters based on the 16S 454 pyrosequencing data using database genomes. Although the mice treated with neomycin clustered similarly to the NOD microbial metagenome, the vancomycin-treated mice clustered distinctly (Figures 5a and b) . Despite the microbial metagenome of the neomycin group clustering similarly to the NOD group, both antibiotic-treated Antibiotics enrich diabetogenic microbes in mice K Brown et al groups showed altered metabolic genes including a reduction in several gene clusters involved in the biosynthesis of SCFA including starch and sugar metabolism (Figures 5c and d) . SCFA are the major end products of bacterial metabolism in the large intestine including acetate, propionate and butyrate. To determine whether the diabetogenic microbial metagenome resulted in altered SCFA metabolism, we examined fecal SCFA production in the NOR and NOD mice ( Figure 6 ). Our data reveal that SCFAs are reduced in NOD mice treated with antibiotics. Although vancomycin-treated mice had reduced levels of all the major SCFAs, neomycin similarly reduced levels of only acetic acid. Moreover, acetic acid was highly elevated in the NOR mice when compared with the NOD mice. These results suggest that the diabetogenic microbiome lacks the genes that produce SCFAs like acetic acid, potentially underlying the accelerated diabetes.
Probiotic VSL#3 bacteria cannot overcome the effects of the diabetogenic microbiome We hypothesized that the lack of beneficial microbes in NOD mice contributed to diabetes onset. VSL#3 contains several beneficial microbes, which were not present in NOD mice but present in NOR mice (Figure 1 ) including taxa from Lactobacillus, Bifidobacteria and Streptococcus. To determine whether we could augment protective microbes and delay T1D, we exposed neonates to VSL#3 in drinking water initially through their mother and then also post-natally until diabetes onset. We found that VSL#3 did not delay diabetes onset (Figure 7a ). To understand whether this was due to in the inability of VSL#3 to colonize the gut, we examined the mouse tissues for the presence of VSL#3 microbes and found that colonization was inefficient (Figure 7b-d) . Lactobacillus and Bifidobacteria did not colonize either the ileum or the colon and Streptococcus was found to colonize only the colon but not the ileum. We conclude that VSL#3 cannot overcome the effects of the diabetogenic microbiome due to their inability to efficiently colonize the gut.
Discussion
Autoimmune destruction of β-cells and the loss of endogenous insulin that occurs during T1D is a result of immune dysfunction within the initiation, propagation and/or regulatory stages that control normal immune responses. Although it is unknown what triggers the dysfunctional immune responses in T1D, innate microbial sensing systems within the intestine are involved in the induction of diabetes Antibiotics enrich diabetogenic microbes in mice K Brown et al (Wen et al., 2008) . Furthermore, pancreatic lymph nodes contain T cells that originate in the lymphatic tissues of the gut where they are primed to become auto-reactive (Jaakkola et al., 2003) . In this study, we explored the relationship between the intestinal microbiota and the onset of T1D in the NOD mouse. We found that NOD mouse fecal microbiota exacerbated pancreatic inflammation when transplanted into normally diabetes-resistant mice. Moreover perinatal antibiotic exposure led to accelerated diabetes onset revealing that the diabetogenic microbiome is established early in life. This was in contrast to our use of postnatal antibiotic exposure that did not induce accelerated diabetes (data not shown). The diabetogenic microbiome carried a reduced capacity for SCFA metabolism associated with increased Th1 and reduced Th17 cells in the gut lymphoid tissues. In an attempt to correct the diabetogenic microbiome, we administered VLS#3 probiotics to NOD mice but we found that microbes in VSL#3 colonized the intestine poorly and did not delay diabetes. The predisposition to TID in NOD mice may be facilitated by abnormalities in the gut microbiota. Microbes were first suggested to be involved in the development of T1D when it was demonstrated that a high diabetes incidence in NOD mouse colonies depended on the microbiological cleanliness of the Antibiotics enrich diabetogenic microbes in mice K Brown et al animal facility (Pozzilli et al., 1993) . Here we found that NOD mice harbor different microbiota than resistant NOR mice, as characterized by specific microbes in the colon and ileum. The ileum microbiota of NOD mice was characterized by fewer SFB and Lactobacillus spp., both previously found to protect against T1D (Valladares et al., 2010; Kriegel et al., 2011; Lau et al., 2011) . In the colon, there were no B. acidifaciens detected in NOD mice and fewer R. gnavus. B. acidifaciens induces production of secretory IgA in the gut (Yanagibashi et al., 2013) , while R. gnavus has been shown to make antiinflammatory bile acid (Lee et al., 2013) . Despite the differences in microbial profiles, a causative role for the microbiota in T1D progression in NOD mice has not yet been established. Here we show that transplanting NOD microbiota into resistant NOR mice, results in an increase in insulitis in NOR mice suggesting the NOD mice harbor a diabetogenic ecosystem. However, we could not decipher if the changes in insulitis were due to the microbiota or microbial products.
In the present study, we found that antibiotic exposure amplified diabetes-causing microbial patterns resulting in accelerated diabetes onset. This is similar to a recently published study showing that antibiotics in early life alter the gut microbiome and increase diabetes incidence in NOD male mice (Candon et al., 2015) . We also observed that male mice had a trend toward increased diabetes incidence (data not shown). There were, however, some notable differences in the experimental design between the two studies: in our study, the concentration of vancomycin in drinking water was 2.5 × higher, we did not treat mating pairs to avoid the influence of the altered male microbiome and we did not treat pregnant dams throughout gestation to avoid teratogenic effects on the fetus. Indeed, our study and Candon et al. (2015) show differences in the microbiome although Candon et al analyzed the microbiota from feces and our study examined gut tissues. In contrast to both of these studies, Hansen et al., (2012) found that vancomycin treatment attenuated diabetes in the NOD mouse.
The difference in outcomes may be attributed to the variations in the protocol where we induced continuous dysbiosis by exposing mice to vancomycin from birth until diabetes onset whereas they exposed mice from birth only until weaning. Despite the protocol and phenotype differences, vancomycin treatment in our study and in Hansen et al., (2012) resulted in similar global changes in microbes. Here, we show that the microbiota following either vancomycin or neomycin treatment was similarly less diverse than untreated controls, but were each associated with a unique microbial profile. Although no causative microbe emerged from our analysis, both antibiotic treatments resulted in the loss of Desulfovibrio spp. in the ileum, as well as loss of Prevotella spp., B. acidifaciens, R. gnavus and Roseburia spp. in the colon. Inter-facility variation is often reported in NOD mice, with diabetes incidence ranging from 10 to 90% at 20 weeks and 20 to 100% at 30 weeks of age (Pozzilli et al., 1993) . As our colony has a lower incidence of diabetes relative to colonies in some other facilities, the destabilization/ loss of protective microbes may also contribute to accelerated diabetes in the present study.
A recent study has shown that a given species is highly variable in infants predisposed to T1D, however, metabolic composition and metabolic pathway redundancy is constant (Kostic et al., 2015) . Indeed, we also found the metagenome of diabetogenic microbes were similarly reduced in clusters of genes involved in microbial metabolism. These genetic pathways are involved in the biosynthesis of SCFA production (Macfarlane and Macfarlane, 2003) . SCFA are produced by the microbiota and are known to alter metabolism and diabetes outcomes as well as improve intestinal homeostasis and protect against chronic intestinal inflammation (Al- Lahham et al., 2010; Puertollano et al., 2014) . In particular, we found that the increased acetic acid correlated with resistance to diabetes. Acetic acid, or vinegar, has been shown to improve insulin resistance and metabolic abnormalities during pre-diabetes in human clinical trials (Mitrou et al., 2015) . Although we correlate the lack Figure 6 NOD mice given antibiotics carry a microbiota that produces fewer short-chain fatty acids. The fecal content of NOR mice contains more acetic acid than NOD mice and antibiotic treatment further reduces the acetic acid content. Vancomycin, but not neomycin, treatment reduces the amount of propionic and butyric acids found in the cecal content (n = 12 mice/group). *Po0.05 and ***Po0.001 by one way analysis of variance with Tukey's post hoc test for parametric data and Kruskal-Wallis test with Dunn's post hoc test for non parametric data.
Antibiotics enrich diabetogenic microbes in mice K Brown et al of SCFA with diabetes onset in this study, further experimental evidence will be required to determine whether acetic acid has a protective effect upon diabetogenesis.
The 'leaky gut' theory has been suggested as a potential mechanism by which increased exposure of the immune system to luminal microbial antigens could result in the stimulation of autoimmune responses leading to T1D (de Kort et al., 2011) . However, we did not find that antibiotic-induced diabetes was associated with barrier dysfunction (Supplementary data Figure 3) . Instead, we hypothesize that in a genetically susceptible host, reduced levels of SCFA deregulate intestinal immune responses that initiate autoimmune response through the gut-pancreas nexus. In a diabetesresistant host, acetic acid may directly signal through the intestinal barrier as it is known that acetate is available to the host systemically (Pomare et al., 1985) . Indeed, SCFA regulate the differentiation of peripheral T cells (Kim et al., 2014) . In support of this, we found that the antibiotic treated NOD mice had altered gut lymphoid effector T cells with increased Th1 cells and decreased Th17 cells. Similarly, Candon et al. (2015) also found a lack of Th17 cells was associated with antibiotic-induced diabetes. Based on previous studies showing Th1 cells are pro-diabetic (Rabinovitch et al., 1995) , the antibiotic-induced shift toward increased interferon-g production by CD4+ T cells in the Peyer's patches could be a key factor in driving insulitis in the pancreas of the antibiotic treated NOD mice. Moreover, as Th17 cells have been shown to be important in protecting against T1D (Kriegel et al., 2011) , having decreased interleukin-17+ CD4 T cells suggests that antibiotics also lead to impairment in Th17 dependent protection within the gut. These data reveal that increased pro-inflammatory Th1 cells and a lack of protective Th17 cells from the gut could be important in driving insulitis in the pancreas.
Although little is known about the genesis of Th17 cells in T1D patients, interleukin-17-producing cells in the lamina propria are promoted by SFB in mice (Ivanov et al., 2008 , Kriegel et al., 2011 . Moreover, SFB have been shown to induce testosterone (Yurkovetskiy et al., 2013) , which protects female NOD mice from diabetes (Markle et al., 2013) . In our study, we found that vancomycin-treated mice suffered a loss of SFB. However, we did not see a loss of SFB with neomycin treatment suggesting SFB may not be on the only microbe involved in regulating Th17 cells in the gut lymphoid tissues. Furthermore, we did not find any differences in testosterone levels during antibiotic-induced diabetes (data not shown). Streptococcus spp. were not increased in the ileum but were increased in the colon (n = 10-12 mice per group). *Po0.05 by MannWhitney U-test.
Antibiotics enrich diabetogenic microbes in mice K Brown et al
It has been hypothesized that beneficial microbes or probiotics can protect against diabetes (Neu et al., 2010) . VSL#3 has been shown to prevent diabetes in NOD mice when administered after weaning (Calcinaro et al., 2005 ). Yet, administration to germ-free NOD neonatal mice shows no effect (Yurkovetskiy et al., 2013) . Although NOD mice were deficient in several beneficial microbes present in the probiotic VSL#3, we found that the administration of VSL#3 failed to protect against accelerated diabetes in NOD mice. Despite VSL#3 being administered prior to the establishment of the microbiome, we show that the probiotics colonized the gut inefficiently. Improving the ability of VSL#3 probiotics to colonize the intestine may be important to regulate the beneficial effects protecting against diabetes. Overall, we conclude that VSL#3 cannot overcome the effects of the diabetogenic microbiome due to their inability to efficiently colonize the gut.
The relationship between intestinal microbes and T1D pathogenesis is complex, multifaceted and needs to be studied in more detail. We show that a diabetogenic microbiome facilitates diabetes onset through the gut-pancreas nexus via microbial metabolites. The diabetogenic microbiome can be potentiated through the use of antibiotics highlighting that caution is required for the overuse of antibiotics in infants known to be at risk for T1D. Understanding which microbes induce or conversely protect against T1D could help in the production of more specific antimicrobials as well as effective probiotics.
